We propose a decentralized error-bounded sliding mode control mechanism that ensures the prescribed tracking performance of a robot manipulator. A tracking error-transformed sliding surface was constructed and the barrier Lyapunov function (BLF) was used to ensure the transient and steady-state time performance of the positioning function of a robot manipulator as well as satisfy the ordinary sliding mode control properties. Unknown nonlinear functions and approximation errors are estimated by the RBF network and adaptive compensator. The effectiveness of the proposed control scheme was determined by comparing the results of an experiment evaluation with those of the conventional sliding mode control (SMC) and finite-time terminal sliding mode control (FTSMC) methods.
Introduction
Robotic technology is rapidly developing in the industrial medical areas, particularly, in constraining the robot's motion and force. Many researchers have studied geometric constraints, such as holonomic and nonholonomic constraints of a mobile robot and of the endeffector of a manipulator [1] [2] [3] [4] .
However, restricting the motions of a working robot within the free space is relatively difficult because a systematic approach for this problem has not been developed yet. Motion constraints within the free space prevent unexpected collisions between the robot and the environment, as well as other hazards. Most of the traditional systems designed a controller to guarantee the stability of the control system for an infinite length of time. These controllers obtained the desired performance by trial and error. Although a control gain has already been decided for a specific control objective, changes in the design specification would require that the control gains be retuned or that the controller be redesigned. Therefore, systematic and general constraint control performance is difficult to obtain from these conventional control schemes.
Three methods have been proposed to guarantee a timedomain performance in the design step without depending on the trial-and-error method: a funnel control method [5] [6] [7] , a transformation method [8] [9] [10] [11] [12] , and a barrier Lyapunov function (BLF) state-constraint method [13] [14] [15] [16] . However, these methods have drawbacks. A funnel control application [5] [6] [7] is limited to class of linear or nonlinear systems with a relative degree of 1 or 2, stable zero dynamics, and the known sign of the high-frequency gain. In the error transformation method, the singularity problem may occur [8] [9] [10] [11] [12] due to the adoption of a tangent hyperbolic method in the prescribed function. In specific conditions of a prescribed function, an excessive control signal can violate the prescribed control performance and can even cause stability problems. Most of BLF-based constraint controllers [13] [14] [15] [16] were designed using the backstepping control method [17, 18] . However, a complex controller can be designed to handle the repeated differential of a virtual control. Therefore, in this study, we considered the sliding mode control (SMC) combined with BLF using an error-transformed sliding mode surface.
The SMC technique provides robust nonlinear control because it applies system dynamics with invariant properties to uncertainties after the system dynamics are controlled on sliding mode surface [19, 20] . In this study, we developed an error-constrained approach using the SMC technique by defining a new tracking error-transformed sliding mode surface and combining it with BLF. This control satisfies the prescribed tracking performance and preserves the common property of the SMC. This method could compensate for the nonlinear unknown function of a decentralized robotic manipulator while considering the radial basis function (RBF) network for approximation process [21] . Using this sliding mode surface, a robust SMC for the robotic manipulator system can be designed without requiring information about unknown nonlinear robotic dynamics. The finite-time terminal sliding mode controllers [22, 23] were designed to obtain comparative experiment results with the proposed constrained SMC, which also guarantees faster responses than the conventional SMC.
The decentralized control combined with the SMC [24, 25] was proposed for effective implementation of a largescaled manipulator or a reconfigurable modular manipulator system. The main challenge in the application of decentralized control to the manipulator is the dynamic uncertainty caused by nonlinear time-varying interconnections and unknown dynamics. In our proposed solution, the decentralized SMC could be constructed efficiently with an RBF estimate using the BLF-based constrained control. The main advantages of our proposed constraint method over conventional methods are as follow: (1) the proposed prescribing performance technique is not limited to the system class, unlike previous techniques [5] [6] [7] ; (2) it does not use a complex transformation procedure, thereby avoiding singularity problems [8] [9] [10] [11] [12] ; and (3) more flexible constraint conditions can be reflected in the control scheme. The proposed control approach was applied successfully to constrain the free-space motion of a robot manipulator under uncertain situations.
Problem Formulation

Robot Manipulator Dynamics.
The dynamic equation of an rigid-link robot system with frictional joints and deadzone torque input can be described as the following Lagrange form:
where ,,̈∈ ×1 denote the joint position, velocity, and acceleration vectors, respectively. The moment of inertia matrix ( ) ∈ × represents a positive definite symmetric matrix; ( ,) ∈ × is the centripetal Coriolis matrix, ( ) ∈ ×1 is the gravity vector; ( ,) ∈ ×1 is the nonlinear friction torque vector; ∈ ×1 is the external disturbance torque; and ∈ ×1 is the control torque vector by the joint actuators. Equation (1) can be formulated in the joint space as the following decentralized form:
with
where ,̇,̈, ( ), and are the th element of the vectors ,,, ( ), and , respectively. ( ) and ( ,) are the th element of the matrices ( ) and ( ,), respectively. The symmetric and positive definite inertia matrix ( ) is bounded by 
where
is a positive constant.
Error-Transformed Sliding Mode
Surface. An errortransformed sliding mode surface is obtained by setting the joint tracking error as = − , ( ), can be defined as follows:
= − , and are the joint and desired output trajectories for each joint, respectively, and > 0 are the design constants.
A proper error constraint function to prescribe the performance is selected by the following:
where 0 ≥ > 0, = lim → ∞ inf ( ), > 0 are constant and | (0)| < (0). The proposed sliding surface can be rewritten as
If → 0 anḋ→ 0, the sliding surface in (9) approaches zero and has similar properties to those of the conventional sliding surface
Therefore, the sliding mode property can be commonly held in the sliding surface in (9).
RBF Networks.
RBF networks have been widely applied to many engineering fields. An RBF network is a fully connected three-layered feed-forward network with a single layer of hidden units, called RBFs. In RBF outputs, which have trained connected weights, the maximum value is shown at the center, and the output values decrease as the input moves away from the center. The Gaussian function is typically used for activation. The RBFs are locally-tuned units that are fully interconnected to an output layer of linear units. All hidden units simultaneously receive the -dimensional real valued input vector . The hidden-unit outputs are not trained using the weighted-sum mechanism and log-sigmoid activation; rather, each hidden-unit output is obtained by the closeness of the input to an -dimensional parameter vector associated with the th hidden unit. The response characteristics of the hidden unit are assumed to be the following Gaussian function:
where and are the mean and standard deviation, respectively, of the th unit's receptive field, and the norm is the Euclidean. The output of the RBF networks is given by → , where is sufficiently small on a sufficiently large compact set Ω ⊂ and an arbitrary > 0. An RBF network exists in the form of (12) , such that
The function ( ) can then be expressed as follows:
where | * | ≤ , * is the error of the RBF approximation and * is the optimal value of that minimizes the RBF approximation error * . Therefore, * = arg min
Because * was unknown, it was replaced bŷ, which is an estimation of * . (1) Determine the control laws such that the system output can track a desired continuously differentiable and uniformly bounded trajectory in the joint space while ensuring that all closed loop signals are bounded. The time derivative of (10) can be expressed aṡ
Design of Decentralized Sliding
Considering (5), (17) can be written as follows: ( ,̇,̈) and ( ) are known, the following state feedback law can be used as
where > 0 are constants. Therefore, the following condition satisfactorily maintains the error state vector on the sliding surface, = 0, as time approaches infinity:
On the other hand, if the dynamics of the robotic systems are generally unknown, the approximation method for a nonlinear unknown function using a RBF system is generally used to tackle this problem. The unknown function of the robotic dynamics can be expressed using the RBF networks as follows:
where the approximation errors of | | < * are bounded.
On the other hand, the estimateŝof * are considered because * cannot be known in advance. If we definẽ= * −̂, | * | ≤ * ,
the barrier Lyapunov function candidate can be defined as follows:
where Γ = diag( ) > 0, = 1, . . . , is a constant matrix and > 0 and > 0 are design constants.
Remark 1.
The BLF used in [13] is described as follows:
where is a boundary constant that satisfies ≥ | 1 |. Therefore, the controller designed on the BLF in (25) also treats a static error bounds, whereas the proposed BLF of (24) , which is based on the flexible time-varying bound in (8) , can be used to design a controller to meet various design requirements. Furthermore, the transient output tracking performance and the steady-state tracking performance can be regulated more conveniently.
The time derivative of can be written aṡ
−̈+ Θ ( )
The control law and adaptive estimation law are specified as
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where > 0, > 0 and > 0 are the design constants. The following inequality can be easily obtained:
Considering (27)- (30), (26) can be expressed as follows: 
with = min[ , , ], = 1, . . . , , (31) can then be expressed aṡ 
Therefore, ,̂,̂, where = 1, . . . , , are bounded. We have progressively shown that the control inputs, ( ,̂, ), where = 1, . . . , , are bounded; therefore, all signals are bounded.
Design of the Standard Sliding Mode and Finite-Time Sliding Mode Controllers.
If the conventional SMC with RBF networks is considered instead of the proposed SMC, the sliding surface is adopted as a type of (10) and the controller can be specified with the adaptive laws given in (28) and (29) as follows:
Next, the continuous finite-time terminal SMC (FTSMC) with RBF networks was used to guarantee a rapid convergence time compared to the conventional SMC and the proposed barrier Lyapunov function-based SMC (BSMC). FTSMC is defined as
. . , ), 1 < 1 , . . . , < 2, and sig() = [|̇1| 1 sign(̇1), . . . , |̇| sign(̇)] . The fast-FTSMC type reaching law is defined aṡ
where 1 = diag( 11 , . . . , 1 ), 2 = diag( 21 , . . . , 2 ), and
If the FTSMC manifold is chosen as (36) for the rigid -link manipulator (1), the model-based continuous FTSMC can be defined as
If the RBF approximation is used, (38) can be expressed as follows:
Application Examples
The proposed control scheme was evaluated using an experimental application on the Scorbot robot system that is described in Figure 1 , where only two links ("link1" for the upper arm and "link2" for forearm) were selected among the four links of the Scorbot robot manipulator. From (1), Mathematical Problems in Engineering ] ,
where F (q,q ) is the LuGre friction model [26] . Table 1 lists the chosen values of the link and actuator parameters. Three controllers were designed to evaluate the proposed control system: the conventional decentralized sliding mode controller (SMC) given in (33), the decentralized FTSMC given in (38), and proposed BSMC given in (27) . The designed controllers were implemented on the MATLAB RTI system using an MF624 board [27] . The control signals were transferred to the DC servo motor of the Scorbot robot through the servo drive. The sample time was selected as 1 kHz. Figure 2 presents the schematic diagram of the control system. The sine-wave joint motion was chosen as the desired trajectory. The sine-wave position command was q ( ) = 0.1 sin(2.5132 ) (rad). The controller parameters were 11 = 70, 12 = 2, 21 = 50, 22 = 2, 12 = 1, 22 = 1, 12 = 0.01, 
The initial points of each state were 1 (0) = −0.05 rad and 2 (0) = 0.05 rad. This property is shown in Figure 5 (a). Figure 5 (c) shows the estimated uncertainty of the RBF network approximation. The control inputs of each system are shown in Figure 6 , where the proposed BSMC does not undergo severe chattering inputs unlike the FTSMC system. Therefore, the proposed BSMC could satisfy the given prescribed performance condition more effectively than the conventional SMC and FTSMC methods. 
Conclusion
A BLF-based decentralized error-constrained SMC was developed to guarantee the position tracking performance of a robotic manipulator in the presence of unknown nonlinear dynamics. The error-transformed sliding surface was proposed to ensure the prescribed tracking error bound and to effectively compensate for the decentralizing uncertainty as well as the sliding condition. A prototype of the Scorbot manipulator demonstrated that the proposed BSMC scheme satisfies the prescribed tracking performance with RBF network approximation for an unknown nonlinear function. Therefore, the designed controller can have a simple structure and can more conveniently control the positioning function of robotic manipulator.
